Hydrodynamic impacts of vegetation in the intertidal zone are highly important to coastal protection. However, most studies on hydrodynamic impacts of vegetation in the intertidal zone are carried out in flumes. This results in a lack of field data for validating models that describe short-term hydrodynamic impacts of vegetation. The current research focuses on field measurements of flow patterns and waves in vegetated intertidal areas. Ample measurement devices are available to measure hydrodynamic processes in the field. Examples are: acoustic Doppler current profilers (ADCP), high resolution acoustic Doppler current profilers (HR-ADCP) and acoustic Doppler velocity meters (ADV). This study focuses on the differences in the performance of these devices, to determine which of them can be best deployed in a future fieldwork campaign in mangroves. Major points of attention in this comparison are the accuracy of the data and the potential disturbance of the measurements by the presence of vegetation. It is concluded that ADV's perform very well in vegetated intertidal areas, while (HR-)ADCP's show difficulties when deployed upward looking. Furthermore, ADV's are preferred over (HR-)ADCP's due to their ability of combining high frequent wave and current measurements and their convenient deployment.
INTRODUCTION
The intertidal part of the coastal zone is regularly exposed to hydrodynamic forces of the sea. In those intertidal areas where the hydrodynamic forces are limited (e.g. in estuaries, lagoons and other sheltered parts of the coast) the interface between land and sea forms the habitat of a very precious ecosystem: the coastal wetland (Reed 2005) . Three types of coastal wetlands exist: mangroves, salt marshes and tidal freshwater marshes (Mitsch and Gosselink 2007) . This paper focuses on the saline coastal wetlands that are vegetated by halophytes (i.e. salt tolerant species): salt marshes and mangroves.
Vegetation in salt marshes and mangroves interferes with hydrodynamics and morphodynamics. A difference can be made between the restrictions that hydrodynamics and morphology impose on the establishment of a vegetation cover at one hand and the impact of vegetation on hydrodynamics and morphodynamics (and thus morphology) on the other hand. The latter interplay, vegetation affecting physical processes, is facing increased attention by coastal engineers as the presence of coastal vegetation can lead to increased safety of the hinterland against flooding (Barbier et al. 2008 ). Increasing effort is being undertaken to model the use of salt marshes and mangroves for attenuation of hydrodynamic forces and sediment accretion (Bouma et al. 2007; Temmerman et al. 2005; VoLuong and Massel 2008; Wolanski et al. 2002) . For salt marshes these modeling attempts are often validated against field and flume data (Bouma et al. 2007; Temmerman et al. 2005) . For mangroves it is found that available field data are limited (either in time span, spatial coverage or the range of natural conditions taken into account) (Massel et al. 1999; Teh et al. 2009 ) and physical modeling efforts are sparse and highly simplified (Struve et al. 2003) . Profoundly calibrated and validated models for mangroves are lacking due to this reason.
Field data are highly valuable to increase knowledge on the use of vegetation for coastal protection. These field data should cover sufficient temporal and spatial scales in order to understand the hydrodynamics of salt marshes and mangroves under all conditions occurring during the different seasons of the year (even extreme conditions if possible) and for different field lay-outs. The first problem we meet in this process is monitoring the short-term hydrodynamics (i.e. waves and currents) in a coastal wetland. Previous field studies apply a variety of devices: marked stakes (visual), (differential) pressure sensors and acoustic surface tracking to record waves (Brinkman 2006; Hong Phuoc and Massel 2006; Möller et al. 1999; Pedersen and Nylund 2006; Quartel et al. 2007; Yang 1998) and rotor/vane current meters, micro current meters from plankton nets (video tracking), electromagnetic current meters and acoustic Doppler velocimeters to record currents De Boer et al. 2000; Furukawa et al. 1997; Mazda et al. 1997; Neumeier and Amos 2006; Quartel et al. 2007) . A thorough comparison of the performance of these devices, other than a qualitative comparison, is hardly available however (Gordon and Lohrmann 2001; Koch et al. 2006; Schretlen and Van der Werf 2006) . Moreover, some new devices have been developed during the recent years that have only been sparsely used yet for data retrieval in the intertidal zone. This paper aims to compare the performance of three state-of-the-art acoustic Doppler velocimetry devices through a range of test measurements in a salt marsh in the Netherlands. This paper starts with an introduction comparing vegetated intertidal areas at different latitudes and a description of the field site. Subsequently, the hydrodynamic equipment and the set-up of the field measurements are introduced. After a brief explanation on the retrieval and processing of data from the deployed equipment, the resulting findings on currents and waves in a salt marsh are presented. While looking after the physical meaning of these findings, the data retrieved by the different devices will also be compared, resulting in a final comparison of these acoustic instruments in the discussion. The paper concludes with some findings on the hydrodynamics in salt marshes and with the recommendations following from the outcomes of the comparison of the acoustic instruments.
STUDY AREA: SALT MARSH VS. MANGROVE
Vegetated saline coastal wetlands are inhabited by either salt marsh species or mangroves. So both salt marshes and mangroves face the same forcing by incoming tides and waves. Salt marshes consist of shrubs and herbaceous plants, mainly grasses, and are often limited to the temperate climatic zones (Healy 2005) . Mangroves consist of shrubs and trees and occur in the tropics and subtropics (Bird 2005) . Salt marshes and mangroves can occur together in warm temperate areas, the subtropics and sometimes even in the tropics but in case of this coexistence both vegetation types occupy different levels in the intertidal zone (Healy 2005) . Their special roots enable a number of mangroves to grow on completely water-logged soils at lower elevations than salt marsh grasses are able to (Augustinus 1995) .
As salt marshes and mangroves occur in similar sheltered coastal habitats, they also face similar hydrodynamic forcing by waves and tidal currents. Observed average wave heights in the pioneer zone of salt marshes range up to 0.2 m (Roland and Douglass 2005) , with significant wave heights ranging up to about 0.2-0.5 m (Möller et al. 1999 ). Significant wave heights in mangroves are reported to go up to 0.2-0.25 m (Anthony 2004; Brinkman 2006; Hong Phuoc and Massel 2006) . Observed maximum tidal flow velocities in salt marshes are about 0.2-0.3 m/s, while for mangroves velocities of 0.2-0.5 m/s have been reported (Anthony 2004; Bouma et al. 2005; Hong Phuoc and Massel 2006) . So in general one could say that both systems face significant wave heights of several decimeters and maximum tidal flow velocities of the order of decimeters per second.
As mangroves and salt marshes show a rather good hydrodynamic resemblance, this study has only been conducted in the pioneer zone of the Zuidgors salt marsh in the Netherlands. This salt marsh is located in the Western Scheldt estuary (figure 1). The marsh is backed by a dike and consists of a densely vegetated plateau of up to 250 m wide (figure 2). A cliff of several 10's of centimeters separates the seaward edge of the plateau from the pioneer zone, which is a sparsely vegetated mudflat with an average width of about 400 m ( Van der Wal et al. 2008) . Vegetation in the pioneer zone consists of Spartina anglica tussocks, while the plateau shows a more diverse vegetation cover also containing Puccinellia maritima, Suaeda maritima and Aster tripolium (Van der Wal et al. 2008) . The Western Scheldt is exposed to a semi-diurnal tide. Amongst the many salt marshes along the Western Scheldt, Zuidgors faces the highest frequency of moderate waves and highest current velocities, causing a net vegetation loss. Retreat of the cliff has lead to an increase of the mudflat elevation ( Van der Wal et al. 2008) .
Measurements described in this paper are conducted in the pioneer zone of the Zuidgors salt marsh. Although natural vegetation is present, artificial vegetation has been applied as to be able to control vegetation characteristics (i.e. density and height). Vegetation has been mimicked by planting 1 m 2 patches of bamboo poles with an above ground height of approximately 50 cm and a diameter of about 1 cm. The configuration of these poles and their attributes are a mixture between densities, height and stiffness of both salt marsh grasses and mangrove roots. To study the impact of vegetation on the data collection by the applied devices (see next section), bamboo densities have been varied between 0, 100 and 200 stems per squared meter. 
ACOUSTIC DEVICES FOR MEASURING SHORT-TERM HYDRODYNAMICS
Previous comparisons have shown that the new generation acoustic instruments have better capabilities for monitoring hydrodynamics than their mechanical, optic and electromagnetic predecessors (Garcia et al. 2005; Kraus et al. 1994; Lane et al. 1998; Lohrmann et al. 1994; Terray et al. 1999) . Mechanical flow tracking is sensitive to aging of components while exposed to field conditions. Use of laser Doppler velocimetry (LDV) or particle image velocimetry (PIV) is rather infeasible in large scale measurements and might also face problems in sediment rich environments (Garcia et al. 2005) . A major drawback for electromagnetic flow meters (EMF) is that they only measure flow velocities in two directions (Schretlen and Van der Werf 2006) , which is insufficient for monitoring total kinetic energy (TKE, i.e. turbulence). Next to that, technologies for measuring both directional waves and currents are traditionally separated (Terray et al. 1999) ; both (an array of) pressure sensors and velocimeters were needed. Acoustic Doppler devices combine these measurements through an integrated pressure sensor and tree dimensional acoustic Doppler flow tracking. This results in both PUV data (pressure and both horizontal velocity components) for deriving wave spectra (Gordon and Lohrmann 2001) and in three-dimensional current velocity data (Terray et al. 1999) .
For this study three different acoustic Doppler instruments have been deployed: a 2.0 MHz Nortek High-Resolution Acoustic Doppler Current Profiler (HR-ADCP), a 2.0 MHz Nortek Acoustic Doppler Current Profiler (ADCP) and two 6.0 MHz Nortek Acoustic Doppler Velocimeters (ADV's) with cable probes. These instruments' measurements are all based on the Doppler shift in reflected sound pulses. Sound pulses are being emitted in narrow beams. Reflection of these pulses at moving particles in the water column (e.g. suspended sediments or plankton) causes a change in the frequency of the echo of the pulses. This echo is being detected again by the instrument and the observed change in the frequency is being translated into a flow velocity along each beam, assuming that the water movement equals the mobility of the dissolved particles . The presence of either one transmitter and three receivers (for ADV's) or three combined transmitters and receivers (for (HR-) ADCP's) facilitates the monitoring of 3D velocities through geometrical analysis of the results for each of the three echoes Nortek AS 2005a; Nortek AS 2005b) .
The difference between the ADV, ADCP and HR-ADCP is in the data coverage. ADV's measure velocities in three directions in one point only, being located 15.7 cm above the transmitter head. The sampling volume for this point measurement is 14 mm in diameter and 14 mm in height (Nortek AS 2005b) . The ADCP reports three dimensional flow velocities in a user selectable number of cells (i.e. layers) within the water column. For a 2.0 MHz ADCP, the maximum profiling range goes up to 8.0 m, cell sizes can be as small as 0.1 m (with a maximum of 128 cells) and the minimum blanking distance over the transmitter/receiver head is 0.05 m (Nortek AS 2005a) . For the HR-ADCP, maximum profile range is only 3.0 m, but cell sizes can get as small as 0.01 m and the minimum blanking distance goes down to 0.03 m (derived from the HR-ADCP software). Next to that, all these devices contain a compass and tilt, temperature and pressure sensors in the end bell of their canisters. Except for the pressure sensor data, these measurements are not considered in this paper. Figure 3 shows the field set up of the different acoustic devices that have been deployed. The cable probe ADV's have been mounted to obtain velocity data at 0.05 m (downward looking) and 0.50 m (upward looking) above the bed. Sampling rates of both ADV's are set at 8 Hz, with a burst interval of 90 s and 200 samples being taken per burst (so data were collected over the first 25 s of every burst). The ADCP has been buried so that the head was only slightly elevated from the surrounding bottom to prevent sediment accumulation on top of it. With a burst interval of 180 s and an averaging interval of 60 s velocities were monitored for 20 cells of 0.10 m height with a blanking distance of 0.20 m. The HR-ADCP has been deployed downward looking from a height of 0.50 m above the bed. Data were collected every 180 s and averaged over the first 60 s of this interval for 10 cells of 0.05 m with 0.05 m blanking distance. All instruments have also been monitoring water pressure at the same frequencies/intervals. Since pressure sensors are located in the end bell of the canisters however, the basic elevations of these data are different from the ones of the velocity data. All equipment has been secured to anchored metal structures to prevent drifting of the sensors, which would affect the velocity data (especially directions). The field set-up has been deployed for a period of 8 days, from October 5 th to October 13 th 2009. Measurements have subsequently been executed for a bare mudflat (4 tidal cycles), a 100 stems/m 2 bamboo cover (2 tides), a 200 stems/m 2 bamboo cover (4 tides), a 100 stems/m 2 bamboo cover (2 tides) and again a bare mudflat (4 tides). Figure 4 shows this set-up in the field, both with and without the bamboo 'vegetation'. In the midst of this measurement period, the deployment of the HR-ADCP has been changed into upward looking from the bottom level, equal to the ADCP.
RETRIEVING AND PROCESSING FIELD DATA
The raw velocity data provided by the acoustic instruments had to be filtered. The ADV output couples a noise correlation factor to each velocity measurement. As low correlation is an indicator for noisy data of low quality, measurements with a correlation lower than 70% are discarded (SonTek 1997). The (HR-)ADCP gives an amplitude of the received signal with every velocity measurement. This amplitude represents the strength of the received acoustic signal. The noise floor for this signal is 30 counts (i.e. approximately 12 dB), below this signal strength the related data are unreliable and cannot be used (Nortek AS 2005a) . Moreover, it is found that this noise floor has to be increased to 150 counts in case of the upward looking ADCP to exclude signal reflections at and above the water surface. This was found out as the ADCP is measuring up to 2.20 m above the bed level. Due to the tides, the field site is not permanently flooded this deep, but velocity data with an amplitude of even more than 100 counts have been detected above the instantly monitored water level. An increased noise floor of 150 counts removed the majority of these peculiarities while leaving the real data for the water column rather unaffected.
After filtering the collected data sets for noise, the ADCP velocity data still turned out to be rather inaccurate since velocity profiles were showing a disturbed pattern in stead of a smooth line. To reduce this scattering velocity data were averaged over five averaging intervals of 60 s each, increasing the averaging time to 300 s with a total measurement interval time of 900 s. Neither the increased noise floor nor the additional averaging was needed for the HR-ADCP data.
CURRENTS AND WAVES IN A TIDAL MARSH

Currents
Measurements of water levels and current velocities have been undertaken over a period of 8 days, so tidal forcing changed throughout this campaign as it covered half of a spring-neap tidal cycle. Water level elevation over the study area has been monitored by all instruments and gave similar results. However, due to the mounting height the blanking distance for water depth measurements was different. Figure 5 shows the water depth data retrieved from the pressure sensors in the downward looking mounted ADV. Current velocities have been monitored parallel and perpendicular to the edge of the mudflat and along the vertical. Parallel (x) and perpendicular (y) velocity components turned out to be of similar magnitude. In figure 3 it is shown how resulting horizontal velocities are derived. Positive resulting horizontal velocities are connected to incoming tides and negative values to outgoing tides. Resulting horizontal flow velocity data retrieved from the ADV's are plotted in figure 6 for all stages of the tidal cycle and for several vegetation densities. Figure 6 gives a good indication of the accuracy of the ADV data as the velocity data for each tide show minor noise around the plotted graphs. The curves in figure 6 clearly show that with increasing water depths over the mudflat the maximum current velocities are increasing as well and that higher current velocities are found at a higher elevation over the mudflat (since the impact of friction is reduced). The results also show higher maximum current velocities during incoming tides than for outgoing tides and the plots are slightly skewed towards the positive flow velocities. This finding is in accordance with previous studies on salt marsh hydrodynamics . These peculiarities can be attributed to the tidal asymmetry caused by the salt marsh plateau backing the mudflat. With incoming tide, the dense vegetation opposes the tidal inflow and current velocities increase rather slowly until the vegetation is submerged. When the tide turns however, the vegetation tends to retain the water. This causes a negative water level gradient towards the edge of the mudflat when the water level in the estuary is falling, resulting in current velocities that increase while the water level is decreasing already. These phenomena are a common feature of salt marshes and mangroves Mazda et al. 1995) .
It is not possible to derive from these data the impact of the mimicked vegetation on the current velocities as different densities have been mimicked during different tides. The change in tidal forcing over time makes it impossible to isolate the impact of increased vegetation density on the current velocities. Figure 6 for example shows higher maximum flow velocities for a bamboo density of 200 poles/m 2 than for 100 poles/m 2 on the 8 th of October. Nonetheless, figure 6 shows that the accuracy of the ADV data is good as the velocity data for each tide show minor noise (about 10% scatter) around the plotted graphs. Also there is no significant increase of the data scatter in case of vegetation compared to a case without vegetation. 
Waves
The high frequency (8 Hz) pressure data of the ADV's are used to analyze wave data for the Zuidgors salt marsh. For each burst of 25 s average wave heights have been calculated after subtraction of the tidal elevation from the pressure data and the subsequent calculation of the maximum amplitudes between the zero-crossings of the resulting wave signal (figure 7). Calculated wave heights range from several centimeters up to about 13 cm only and wave periods vary from several seconds up to 7 seconds. These waves are slightly lower than the 15 cm average wave height that Van der Wal et al. estimated for this area by applying an USACE model (Van der Wal et al. 2008) .
One interesting phenomenon is that the wave height seems to increase over the tidal cycle. Figure  8 shows that observed wave heights are generally higher for the same water levels during ebb tide than during flood tide. The presence of this trend over all tides indicates that it cannot be caused by (random) changes in heights of incoming waves. The increase of wave heights during ebb tides is directly linked to the tides itself through current induced shoaling. In case of incoming tide, current velocities are directed onshore and into the estuary (see figure 3) . Waves propagate in the same direction and transfer energy to the current, making them decrease in height (Van Rijn 2008) . On the opposite, during ebb tide the current is directed offshore and towards the mouth of the estuary. The waves still propagate in the same direction and gain energy from the opposing current now, causing them to increase in height (Van Rijn 2008) . This energy transfer between waves and currents has not been found to be included in hydrodynamic field studies of salt marshes (or mangroves) yet as they focus on either waves or currents alone and not on total hydrodynamic energy Brinkman 2006; Hong Phuoc and Massel 2006; Möller et al. 1999; Quartel et al. 2007 ). As waves transfer energy to currents and vice versa it might be useful to study attenuation of total hydrodynamic energy in these types of vegetation instead. 
DISCUSSION: COMPARISON OF ACOUSTIC INSTRUMENTS
To compare the performance of ADV's, ADCP and HR-ADCP, velocities measured by all devices are shown in the same plots in figure 9 . As has been stated before, all data are filtered to remove noise. ADCP data have additionally been averaged to smoothen velocity profiles and the noise filter for these data has been increased to remove 'unrealistic' data above the water level. In case of the measurements without bamboos (upper panel in figure 9 ) velocities measured by the different devices agree rather well and the velocity profiles look realistic (except for one outlier for the ADV data). However, the data from the upward looking ADCP still show spikes in the flow velocity profiles. After putting the bamboos in (lower panel in figure 9 ), data for the ADV's and the downward looking HR-ADCP are still of a good quality and in accordance. The ADCP data however shows some strange spikes at the height of the top of the bamboo vegetation (i.e. 50 cm height) and despite the very high noise level the ADCP data still show results above the water level. The latter issue can be solved by increasing the noise level even further (at the cost of loosing data within the water column as well though). An explanation for the spikes in the ADCP data has not been found. Although they occurred in all measurements with bamboo vegetation, it is impossible that the flow velocity over the bamboos increases that much and is always directed in the same direction (as occurred in the data). These features are also not indicated by the ADV data that are available for the same height.
Results from the second half of the measurement campaign, when the HR-ADCP was also deployed upward looking, indicate that HR-ADCP measurements suffer from the same problems as the ADCP, i.e. for an upward looking HR-ADCP velocity measurements become much less accurate as well and velocity peaks are being measured at the top of the bamboo layer. These performance issues with (HR-) ADCP's when deployed upward looking might be related to difficulties in coping with varying water levels (a fixed water level has to be set before deployment) and any gradients at the top of the vegetation canopy.
To use the pressure sensors of the deployed equipment for monitoring waves, monitoring frequencies of the (HR-)ADCP need to be increased. Data have now been averaged over bursts of 60 seconds but to be able to analyze wave characteristics a minimum frequency of about 2-5 Hz is needed. This would require extensive battery and data recorder capacities. The resulting data files will be very large and inconvenient to work with. The ADCP has a special wave setting overcoming this problem to a certain extent.
CONCLUSIONS AND RECOMMENDATIONS
As new generation acoustic instruments appear to have better capabilities for monitoring hydrodynamics than their mechanical, optic and electromagnetic predecessors, this study compares the performance of three acoustic instruments (ADV, ADCP and HR-ADCP). This comparison is based on a short field survey in the Zuidgors salt marsh in the Netherlands. Retrieved current velocity data resemble established phenomena in (salt marsh) hydrodynamics like increased velocities at higher water levels and delayed discharge at ebb tides.
Moreover, analysis of the wave data (from the pressure sensors in the ADV) showed the presence of current induced shoaling, giving rise to increased wave heights at outgoing tide. Yet, this energy transfer between waves and currents has often been neglected. Studies into the impact of salt marshes or mangroves on coastal protection focus on either the reduction of wave energy or the reduction of current velocities. However, when waves transfer energy to the tidal currents with incoming tide for example, it might be worthwhile to include hydrodynamic energy contained by the current in these studies.
Concerning the performance of the deployed acoustic devices, velocity measurements by acoustic Doppler velocimeters and (high resolution) acoustic Doppler current profilers are accurate (i.e. little noise) and correspond well with one another. However, it is found that in the intertidal area the profilers give less accurate results if deployed upward looking. There also seems to be interference between vegetation and these profilers creating unexplainable peaks in the velocity data collected. These problems can be overcome by deploying the profilers downward looking.
The main advantage of ADV's is the potential to combine velocity and wave measurements, which is much more complex with (HR-)ADCP's. The inherent disadvantage of ADV's however is that they only measure point data, while profilers measure full current profiles for the entire water depth. It depends on the information needed whether the point data of the ADV are sufficient. By deploying several ADV's one could still derive current profiles with ADV's. Once the general shape of the current profiles is known point data might suffice as related velocity profiles could be estimated.
Another advantage of the deployed cable probe ADV's is their convenient design which makes it easy to fix them in harsh intertidal environments. The probes can easily be fixed to a pole while the canisters (for batteries and memory) can be fixed to any stable structure (e.g. a tree). For (HR-) ADCP's, that have an integrated canister and probe, much stiffer constructions are required to mount them properly, especially in case of downward looking deployment.
